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Abstract
The current research is focused on developing a geopolymer binder using rice husk ash–derived silica nanoparticles. Four
types of rice husks were collected directly from various rice fields of Bangladesh in order to evaluate the pozzolanic
activity and compatibility of the derived rice husk ashes with precursors of sodium-based geopolymers. Silicon carbide
whiskers were introduced into sodium-based geopolymers in order to evaluate the response of silicon carbide whiskers
to the interfacial bonding and strength of sodium-based geopolymers along with rice husk ashes. Compression, flexural
and short beam shear tests were performed to investigate the synergistic effect of rice husk ashes–derived silica and
commercially available silicon carbide whiskers. Results show that rice husk ashes–derived spherical silica nanoparticles
reduced nano-porosity of the geopolymers by 20% and doubled the compressive strength. The simultaneous additions
of rice husk ashes and silicon carbide whiskers resulted in flexural strength improvement by 27% and 97%, respectively. The increase in compressive strength due to the inclusion of silica nanoparticles is related to the reduction in
porosity. The increase in flexural strength due to simultaneous inclusion of silica and silicon carbide whiskers suggest that
silica particles are compatible with the metakaolin-based geopolymers, which is effective in consolidation. Finally, microscopy suggest that silicon carbide whiskers are effective in increasing bridged network and crack resistance.

Keywords
Rice husk ash, whiskers, metakaolin, geopolymer, crack bridging; dispersion strengthening, fire resistance, cementitious
composite

Introduction
The worldwide growing demand of rice has raised a
deep concern about disposal of non-bio-degradable
rice husk. The global rice demand is estimated to be
700 Million Tons in the present year 2020. Rice husk
makes up approximately 20% of the total rice production. For many rice-producing countries, the most
common applications of rice husk are thermal power
plants and charcoals for household cook stoves.
However, rice husk is a proven source of pure amorphous silica,1,2 which is an important ingredient of geopolymer.3 The current research focused on the novel
conversion of rice husk to geopolymers for application
in composite materials.
Geopolymer is an aluminosilicate binder formed by
alkaline activation of solid alumina and silica containing precursor materials at or slightly above room

temperature.4 Although this geopolymer technology
has been studied widely, its applications have not
been widespread for the technical and non-technical
reasons.5,6 The term geopolymer was introduced in
the 1970s by Davidovits to describe a family of alkaliactivated aluminosilicate binders, and later became
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popular to describe a larger variety of alkali-activated
binders.7
Geopolymers are composed of tetrahedral silicate
and aluminate units linked in a three-dimensional structure by covalent bonds, with the negative charges associated with tetrahedral aluminum charge-balanced by
alkali cations. The raw materials include two parts:
reactive alumino-silicate solids, such as ﬂy ash and calcined clays, and an alkaline activating solution, usually
an alkali metal hydroxide or silicate solution.4 Several
sources for Geopolymer ingredients are presented in
Figure 1.
The critical roles in the geopolymerization are
thought to be played by alkali activation of ﬂy ash in
an alkaline solution. The chains in aluminosilicate
oligomers can be in the form of polysialate -Al-O-Sichain, polysialate siloxo -Al-O-Si-Si- chain and polysialate disiloxo -Al-O-Si-Si-Si- chain, depending upon the
Si/Al ratio.9 In aluminosilicate monomers, Si4þ is partially substituted by Al3þ and the resultant negative
charge in the aluminosilicate chains is balanced by
alkali cations such as Naþ or Kþ.10 The Si/Al ratio
signiﬁcantly impacts the ﬁnal structure of the resulting
geopolymer11 and has a remarkable eﬀect on the porosity, which is one of the most important factors in
governing
the
mechanical
performance
of
geopolymer.12
In addition to the Si/Al ratio, the microstructure of
ﬂy ash-based geopolymer is strongly aﬀected by the
alkaline solution. When ﬂy ash comes in contact with
alkali (e.g. NaOH, KOH), Si4þ, Al3þ and other ions
start to be released. The amount of released Si4þ and
Al3þ is inﬂuenced by the concentration of NaOH solution. NaOH solution of high concentration (10 mol/L)
is beneﬁcial for decomposing aluminosilicate in the ﬂy
ash and then release Si4þ and Al3þ.13 Moreover, the
transfer of Al3þ and Si4þ species and the poly-condensation of aluminosilicate oligomers can also be accelerated by an alkaline solution with high concentration.14
Furthermore, charge density and nucleation of aluminosilicate chains depend on the types of alkaline cations, which aﬀect the rate and the extent of
polymerization.15

Figure 1. Binders for the geopolymer production.8
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Alkaline cations also serve as a structure-directing
agent in the geopolymerization. The leaching rates of
Si4þ and Al3þ decide the actual available Si/Al ratio in
a series of reactions to form geopolymer and subsequently play a pivotal role in the structure of ﬂy ashbased geopolymer. A recent study revealed that the
addition of Na2SiO3 to alkali solution can increase
the Si/Al ratio, resulting in a lower porosity and a
ﬁner pore system of geopolymer matrix.16 The activation procedure also inﬂuences the compressive strength
of ﬂy ash-based geopolymer. For the current study,
KOH was used for the alkali activation of the geopolymer. The Kþ cation is larger in size in comparison to
Naþ, which leads to lower surface charge density and
higher degree of polymerization.17 However, at room
temperature, the dissolution of ﬂy ash is not completed
and requires further curing.18 Curing allows the crosslinking of the polymer chains, thus forming rigid crosslinked alumino-silicate (poly-sialate) bonds, which
govern the overall properties of the geopolymer panel.
Curing at high temperatures increases the compressive
strength by removing water from the fresh geopolymer,
causing the collapse of the capillary pores with a denser
structure.19 Geopolymers can be cured at the room
temperature but the compressive strength of high temperature cured resins is higher.20 Geopolymer curing
can occur between room temperatures and 100 C
with little CO2 emission.21,22
Calcined rice husk, also called rice husk ash (RHA), is
very rich in amorphous silica, which exhibits high
reactivity. Due to the stored thermal energy, these
highly reactive materials can readily make strong
bonds with alumino-silicate during geopolymerization
process. Several studies23–25 have demonstrated the
development of geopolymer using RHA with an interest
in developing alternative cementitious materials for
structural applications. Those studies have reported
RHA-based geopolymer as a blessing to the environment since it recycles bio-waste, lowers greenhouse gas
emission and reduces processing temperature. However,
detailed studies focused on geopolymer-based continuous ﬁber reinforced composites for high-temperature
applications are still lacking. The potential of RHA
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from south east Asian countries in geopolymer is also
unknown, where rice is a major edible product.
Additions of RHA in the matrix of ﬁber reinforced geopolymer composites can make them eco-friendly and
also improve their mechanical performance.
Sodium-based ingredients have been widely implemented in geopolymer formulations.26–30 Studies have
shown that sodium-based geopolymers oﬀer higher setting time compared to potassium-hydroxide-based systems, which is advantageous in handling30 because
formation of complex shapes require higher time.
Several studies on geopolymer-based composites21,31
suggest that high-aspect ratio nanoﬁllers are eﬀective
in toughening and strengthening of continuous ﬁber
reinforced geopolymer composites. Nanoﬁller length,
strength and reinforcing capabilities are deemed necessary parameters in toughening. However, the mechanism involved in toughening of geopolymer using
nanoﬁbers is still unclear.
Therefore, the current study is focused on investigating the synergistic eﬀect of RHA and SiC whiskers on
the performance of geopolymer solids in order to
develop high-performance eco-friendly composite materials. This research is focused at recycling eﬀorts on two
types of solid wastes into a single stream application.
Processing of those wastes otherwise would be susceptible to larger greenhouse emissions; the current processing and treatment is beneﬁcial to the environment.

Experimental procedure

3
SARNA. RHs were ﬁrst washed overnight in 30%
nitric acid to dissolve some chemicals and impurities.
Nitric acid was decanted and the RH was washed three
times using distilled water followed by drying. The
cleaned and dried Sarna and B-11 RH is shown in
Figure 2(a) and (b). The dried husks were calcined in
a furnace in air atmospheric at 650 C for 7 h. The residual rice husk or RHA was then collected from the
oven, washed again in 30% nitric acid and water and
then dried. Then, RHA was crushed and stored for use
as the ﬁller in the geopolymer.

Metakaolin synthesis
Primary ingredient of the proposed geopolymer is
metakaolin or calcined kaolinite. Metakaolin transformation from kaolin is accomplished by calcination
process upon heating in the range 500–750 C for 2–
10 h.32 Calcination results in the removal of water and
hydroxyl (OH–) groups associated with Al-O-H bonds
of kaolin, which increases the reactivity and pozzolanic
energy of metakaolin. Surface hydroxyl groups break
away easier than the hydroxyl groups within the material because of longer bond length on the surface.21 This
pozzolanic nature of metakaolin is essential for selfactivation in the alkaline medium by reacting with
other geopolymer ingredients, alkali silicate and reactive silica in particular.33,34 Metakaolin prepared using
the PLUS white kaolin (supplied by Charles B. Crystal
Co. Inc.) was heated at 750 C for 5 h in air atmosphere
to obtain metakaolin MK-750.

Materials of the experimentation
Metakaolin, the main ingredient of geopolymer, was prepared from PLUS white kaolin (Supplied by Charles B.
Chrystal Co., Inc). The main ingredients of kaolin are
silicon dioxide (SiO2) (44.5 wt%), Al2O3 (39.4 wt%) and
loss on ignition components (15 wt%). Sodium silicate
(Na2SiO3.9H2O, 40 wt%) solution was purchased
from Carolina Biological supply company. Dry sodium
hydroxide pallets were collected from Carolin Biological
Inc. (Item #889460). Silicon carbide whiskers (SCW) were
supplied by Pyromeral Inc. The trade name of SCW is
Silar SC9M and its manufacturer is Advanced Composite
Materials. These are de-agglomerated and very highmodulus rigid nanoﬁbers. The reported length of the
ﬁbers is in the range 10–12 mm; however, scanning electron microscope (SEM) observations showed that most
of the ﬁbers were 25–30 mm in length.

Synthesis of geopolymer
Sodium-based geopolymer (Na-GP) was prepared using
sodium silicate supplied by Carolina Biological Inc.
First, dry sodium silicate and metakaolin powder were
mixed in 8 M NaOH with a mole ratio of Na2O/
Al2O3 ¼ 1.64, SiO2/Al2O3 ¼ 3, H2O/Na2O ¼ 9.3, Na2O/
SiO2 ¼ 0.55. Manual stirring was followed by mixing in
an ARM 310 Thinky mixer at 2000 r/min. Between each
30 s mixing cycles, the resultant slurry was stored in a
freezer for few minutes to remove heat. The ﬁrst step of
curing was performed at 80 C in a sealed environment to
ensure that moisture was retained, not allowing the specimens to prematurely dry. Subsequently, the test specimens were dried and heat treated at 150 C and 350 C,
respectively, according to the test matrix shown in Table
1. The specimens were tested once they were cooled
down to room temperature after the heat treatment.

Synthesis of RHA silica
Four types of RHs were collected directly from rice
ﬁelds of the diﬀerent parts of Bangladesh. According
to local supplier those are B-11, B-28, B-29 and

Synthesis of RHA and whisker reinforced geopolymer
Nanomaterial
reinforced
geopolymer
was
prepared using 4 wt% RHA and 4 wt% SCW according

4

Journal of Composite Materials 0(0)

Figure 2. (a) Acid washed (a) RH-Sarna, (b) RH-B-11, (c) RHA after calcination at 650 C in air for 7 h, (d) transformation of basic to
neutral pH during the silica extraction reaction and (e) particles of the silica extracted from RHA. RHA: rice husk ash.

Table 1. Test matrix of geopolymer with the variations in RHA and SCW and treatment temperatures.
Compression test
Material
Neat resin

80 C

150 C

350 C

Flexural test
350 C

þ

þ

þ

þ

Shear test
350 C
þ

Neat þ 4 wt% RHA

þ

þ

þ

þ
þ

Neat þ 4 wt% RHA þ 4 w% SCW

þ

þ

þ

þ
þ

RHA: rice husk ash; SCW: silicon carbide whiskers.

to the composition shown in Table 1. An early
study suggested that a gradual increase in SCW
reinforcement to 2 wt% resulted in a linear increase
in fracture toughness of geopolymer by 113%.4
This benchmark study created an opportunity to
conduct the current study with nanomaterial at a
safe level, 4 wt% for example. Nanoparticle mixing
and sample preparation were conducted using a procedure similar to the neat geopolymer sample
preparation.

Characterization techniques
Compressive strength was measured using an Applied
Test Systems, Inc. electromechanical load frame. The
tests were performed by placing the specimens of nominal dimensions of 17 mm length and 6 mm diameter in
an aluminum compression cage and compressing at a
crosshead displacement rate of 0.5 mm/min (0.02 in/
min) as per ASTM C 1424 standard.35 At least ﬁve
specimens were tested for each material type.

Rahman et al.
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The un-notched beam ﬂexure and short beam shear
tests were performed36 and the ﬂexural strength was
calculated by
Sb ¼

3FL
2bw2

ð1Þ

where, Sb ¼ ﬂexural strength, F ¼ breaking load,
L ¼ span length, b ¼ specimen width and w ¼ specimen
thickness. In order to validate the fracture toughness
results, the beam depth and width in both tests were
kept constant. The L/w ratio for ﬂexural and short
beam shear tests were kept at 16 and 4, respectively.
Thermogravimetry analysis (TGA) was used to
evaluate the degradation of RH during the thermal
treatment. The purpose of this study was to correlate
the weight losses with physicochemical transformations
of RH at diﬀerent stages of calcination process. A
Seiko I SSC/5200 TG/DTA 220 (by Seiko
Instruments Inc.) was used for this analysis. This
instrument measures mass change between the sample
and the reference and thus enables the equipment to
function as both thermogravimetry and diﬀerential
thermal analyzer (DTA) simultaneously. DTA results
were obtained from the diﬀerence in temperatures
between the sample and the reference. All specimens
were tested in aluminum pan under 20–30 mL/min of
nitrogen ﬂow using about 20–25 mg of crushed
specimen.
Elemental analysis of RHA was performed using
EDX analyzer. Elemental composition of RHA was
then
compared
with
stoichiometric
SiO2.
Microstructural image analysis of RHA was performed
to understand the size of silica particles. A suspension
of RHA was prepared in ethanol using ultrasonic horn.
Then a small drop of the suspension was allowed to dry
on a glass slide, which was inspected using an Optimus
optical microscope.
X-ray diﬀraction (XRD) of RHA was performed
using Scintag X-2 X-ray powder diﬀractometer. The
0.1542 nm wavelength Cu-Ka radiation was used and
the specimens were scanned in 5 to 85 range with a
step size of 0.02 .
Measurement of open porosities is an eﬀective tool
for understanding the level of consolidation of the
material. Apparent open porosity of the specimen is
measured in terms of water absorption, which was performed by measuring the weight diﬀerence (in air) of
completely dry specimens (heated at 150 C) before and
after submerging into water as per ASTM C-20-2010
standard.37,38 The porosity is calculated by
Pð%Þ ¼ ½1  ððWD  WS Þ=w Þ=VT   100

ð2Þ

Figure 3. Tg and DTA of rice husk B-11 and B-28. DTA: differential thermal analyzer; RHA: rice husk ash.

where, WD is dry mass of the specimen (g), WS is submerged mass of the specimen (g), w is the density of
water (g/cm3) and VT is the total volume of the specimen. WS was measured using Archimedes principle.39

Results and discussion
Thermal analysis of RHA
Thermal degradation of two RH specimens, B11 and
B28, are presented in Figure 3. Both RH samples were
investigated under 20–30 mL/h nitrogen ﬂow up to
650 C. During the thermal treatment of both specimens, 85% of initial weights have been lost, which represents organic volatile compound content. These peaks
indicate the ability of RH to produce thermal energy
due to high-temperature combustion. In summary, the
unburnt 15 wt% amount is considered as RHA, which
is expected to be silica-rich materials. Major weight loss
occurred in 180–480 C temperature range, which indicated reduction of organic volatile compounds such as
starch, lignin, cellulose and hemicellulose.40 As seen
from the DTA curves, this weight loss can be further
broken down in two parts, of which second major loss
of 60 wt% is associated with breakdown of cellulose
constituents to combustible volatiles, water, carbon
dioxide and char.41 Thermal degradation continues
until 600 C. At this temperature, 15–20 wt% material
was left as residue, which is called RHA, a fully converted silica.

Elemental and phase analysis of RHA
Elemental weight percentages of RHA were estimated
using EDS spectrum in Figure 4. It is found that more
than 80 wt% of the composition constitutes only silica
and oxygen and their relative magnitudes represents a

6
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Effect of SiO2 additions in porosity of geopolymer
Figure 7 presents the eﬀect of RHA on the porosities of
geopolymer at 300 C. With only 4 wt% RHA addition,
20–25% porosity of geopolymer dropped down to 7 to
12%. Nonetheless, this porosity is higher than sintered
ceramics such as Al2O3 and SiN; however, this may be a
suitable route to reduce porosity and densify non-sintered ceramics.

Flexural and shear strength variations with
nanofillers

Figure 4. EDS spectrum and elements of RHA B-28 (at 4.5 kV).
RHA: rice husk ash.

close approximation of stoichiometric silica (SiO2) (%
At. Si ¼ 31.05 and O ¼ 51.73).42 A small amount of
carbon (6.4 wt%) in the RHA may represent unburned
carbon content from RH. Since the TGA was conducted in nitrogen atmosphere, carbon content is not
unexpected. This result indicates that in order to obtain
a stoichiometric silica compound, this carbon content is
needed to calcine at temperature above 650 C and
higher oxygen concentration. Once the calcination process is completed, pure Si is left at this high temperature, which continues to react with oxygen, forming
SiO2. Due to intrinsic nature of RHA-derived silicon,
a ﬁnely divided SiO2 is formed during this calcination
process, which exhibits an unique pozzolanic nature
when mixed with geopolymer in the presence of an
alkaline medium.43 Figure 5(a) and (b) represents
those particles of SiO2 derived from RH.
Figure 6 presents XRD patterns of four types of
RHAs evaluated in this study. A diﬀused wide peak
was found in all RHA specimens centered at
2 ¼ 22.5 . This represents the presence of amorphous
SiO2 or disordered cristobalite. Similar diﬀused peaks
were observed by Genieva et al.40 in their XRD analysis
of pyrolyzed RHA. The peak was also matched with
Aerosil 200 fumed silica, which is nonporous and highly
dispersed.44
XRD analysis of B-28 and B-11 shows crystalline
peaks at around 2 ¼ 26.5 , which suggests the presence
of quartz. It is reported that crystalline nature indicates
lower reactivity, while amorphous nature indicates
higher reactivity.45,46 A higher reactivity results in a
higher rate of diﬀusion and lower eﬀectiveness as a
reinforcement. Thus, the balance between pozzolanic
reactivity and reinforcement ability is essential for
RHA in geopolymerization process. Therefore, the
comparison of the reinforcing capability of B-11 and
Sarna at 650 C would be of interest to explore.

Flexural and shear strengths of neat, RH-derived SiO2
and SCW reinforced geopolymer are presented in
Figure 8(a). It is found that SiO2 and SCW addition
increased both types of strength. The SiO2 þ SCW addition increased the ﬂexural and shear strengths by 97%
and 158%, respectively. However, only SiO2 addition
did not show any signiﬁcant increase in both type of
strengths. Since ﬂexure and shear strengths depend on
the ability to resist tensile failure and sliding frictions,
high-aspect ratio nanoﬁllers such as SiC whiskers are
capable of improving these properties by crack-bridging mechanism. As expected, SiO2 nanoparticles did
not show any bridging, however they ﬁlled the processrelated nano-porosities of the geopolymer matrix,
resulting in decrease in the number of defects.
Conversely, SiC whiskers have stoichiometric surface
with larger Si atom residing outside and smaller
carbon atom sitting in the interstitial space. This
unique characteristic of SiC whisker not only allows a
strong bonding with geopolymer precursor it also
retains its chemical and thermal resistance in the geopolymer matrix. Therefore, the combination of
RH-based SiO2 and SiC whiskers is eﬀective as a
reinforcement, where the former reduces the porosity
and the later increases the crack bridging and sliding
frictions between the layers of metakaolin sheets.47
Load-displacement curves are presented in
Figure 8(b) for neat and nanoﬁlled geopolymer treated
at 150 C and 350 C. It is found that the loading rate
(load per unit deﬂection) of neat geopolymer increased
with the post-processing temperature. The loading rate
further increased (13,000 lb/in vs 13,871 lb/in)) with the
addition of RHA and SiC whisker.

Microscopic evaluations of nanofilled geopolymer
SEM images of fracture surface of neat and RHA silica
reinforced geopolymer is shown in Figure 9(a) and (b).
Also, fracture surfaces of SCW reinforced geopolymer
are shown in Figure 9(c) and (e). Figure 9(c) presents
overall distribution of SCW in the geopolymer matrix.
Figure 9(a) presents a clean fracture surface of neat GP,
which is an indication of low energy release state.

Rahman et al.
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Figure 5. (a) Microscopic view RHA B-28 (average particle size 12 mm) and (b) at 1300 magnification. RHA: rice husk ash.

Figure 7. Apparent porosities of geopolymer with and without
4 wt% RHA measured by two methods. RHA: rice husk ash.

and geopolymer is revealed in this image. SCW is
alkali-resistant and revealed as a separate phase from
geopolymer, marked as Na-GP. SCW failed across the
thickness, which suggests that SCW creates a crackbridging eﬀect and increases the shear resistance.
Similar observations have been found elsewhere.4,48

Figure 6. X-ray diffraction analysis of four different types of
RHA (Sarna, B-29. B-28 and B-11). RHA: rice husk ash.

Figure 9(b) shows RHA silica particles on the fracture
surface and its state of bonding with GP. It represents
relatively rough surface and state of moderately high
energy release rate. Figure 9(d) indicates that the diameter of the embedded SCW is about 0.6 mm. From
Figure 9(e) it is seen that SCWs are well bonded with
geopolymer. No interfacial separation between SCW

Summary
This study evaluated micro-structural and crystalline
nature of RH collected from various zones of
Bangladesh. This study demonstrated the growth mechanism of pure SiO2 and the origination of pozollanic
nature that assisted the RH-derived SiO2 into the formation of strong bonding with metakaolin. Addition of
this SiO2 demonstrated a 23–35% increase in both
ﬂexural and short beam shear strength of metakaolinbased geopolymer. Addition of SCWs has shown

8
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Figure 8. (a) Variations in flexural and shear strengths with the additions of SiO2 and SCW and (b) compressive loading rates of neat
and nano-reinforced geopolymer. SCW: silicon carbide whiskers.

Figure 9. Fracture surface of (a) neat Na-GP (b) RHA silica-reinforced GP and (c-e) RHA silica þ SCW reinforced GP at various
magnifications. Na-GP: sodium-based geopolymer; RHA: rice husk ash; SCW: silicon carbide whiskers.

Rahman et al.
respective 97% and 158% increases in ﬂexural and
shear strengths. SiC provides naturally expected performance due to the reduced free-carbon and stoichiometric surface chemistry. This unique surface chemistry
resulted in a separate phase of SCW in the geopolymer
matrix which supported crack-bridging eﬀect under
thermomechanical stress. The resultant geopolymer
formulations are potentially suitable for waste reduction and development of green cementitious composites
for structural applications.
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